Here we report the use of optoelectronic tweezers and dynamic virtual electrodes to address multiwalled carbon nanotubes ͑MWCNTs͒ with trap stiffness values of approximately 50 fN/ m. Both high-speed translation ͑Ͼ200 m / s͒ of individual-MWCNTs and two-dimensional trapping of MWCNT ensembles are achieved using 100,000 times less optical power density than single beam laser tweezers. Modulating the virtual electrode's intensity enables tuning of the MWCNT ensemble's number density by an order of magnitude on the time scale of seconds promising a broad range of applications in MWCNT science and technology. and integrated circuits. 9,10 Although an impressive degree of control has been achieved for MWCNT synthesis, 11 currently no optical method exists for freely trapping and translating individual MWCNTs in solution, with contemporary approaches typically relying on either dielectrophoresis ͑DEP͒ or single-beam laser tweezers. In DEP, lithographically patterned metallic electrodes have been demonstrated as a highly parallel approach for self-limiting, ultralarge-scale nanotube integration, 12 and separations 13 in two dimensions. However, the fixed metallic electrodes used in this method do not allow for dynamic translation of isolated structures. In contrast to DEP, laser tweezers 4 are the most common optical method for three-dimensional translation of single walled carbon nanotube ͑SWCNT͒ materials in solution with either single-or multiple-beam laser traps.
Optoelectronic tweezers ͑OETs͒ have emerged recently as a massively parallel optical platform for trapping submicron scale particles. 1 The noncontact approach allows for thousands of individual traps to be created and controlled in two dimensions under a standard objective lens. To date, the technique has been used to manipulate living cells, polystyrene beads, 1,2 and solid-state nanowires 3 using ϳ10 5 times less optical power density than single-beam laser traps. 4 Over the past two decades multiwalled carbon nanotubes ͑MWCNTs͒ have been employed in myriad applications including desalination membranes, 5 chemical sensors, 6 additives for high-strength polymer composites, 7 field emitters, 8 and integrated circuits. 9, 10 Although an impressive degree of control has been achieved for MWCNT synthesis, 11 currently no optical method exists for freely trapping and translating individual MWCNTs in solution, with contemporary approaches typically relying on either dielectrophoresis ͑DEP͒ or single-beam laser tweezers. In DEP, lithographically patterned metallic electrodes have been demonstrated as a highly parallel approach for self-limiting, ultralarge-scale nanotube integration, 12 and separations 13 in two dimensions. However, the fixed metallic electrodes used in this method do not allow for dynamic translation of isolated structures. In contrast to DEP, laser tweezers 4 are the most common optical method for three-dimensional translation of single walled carbon nanotube ͑SWCNT͒ materials in solution with either single-or multiple-beam laser traps. [14] [15] [16] [17] [18] [19] When compared with SWCNTs, few optical methods exist for addressing MWCNTs due to their large diameters and corresponding metallic conductivity. 20 Detrimental heating arises within MWCNTs from free-carrier absorption of the intense laser trapping fields corresponding to what has been reported for metallic silver nanostructures. 21 OET is particularly well suited for trapping metallic MWCNTs given it can combine the massive parallelism of DEP with the optical flexibility of laser tweezers by using optical intensities low enough to minimize detrimental effects from MWCNT optical absorption.
OET works based on the principle of an optically induced DEP force. In this technique, optical images are projected onto the hydrogenated amorphous silicon ͑a-Si: H͒ at low irradiances ͑ϳ5 nW/ m 2 ͒ creating electron-hole pairs where light is patterned ͓Fig. 1͑a͔͒. Photoconductive gain a͒ Authors to whom correspondence should be addressed. Electronic addresses: wu@eecs.berkeley.edu and pauzauskie1@llnl.gov. dramatically lowers the local impedance of the a-Si: H in the area that the laser is present, transferring voltage to the liquid layer and locally forming a nonuniform electric field in the liquid due to the applied ac bias. The nonuniform electric field present in the liquid layer attracts the polarized tubes to areas with the highest electric-field intensity-gradient according to classical DEP principles.
Single nanotube imaging employing either fluorescent labels 22 or intrinsic SWCNT photoluminescence 23 has been used recently to measure translational and rotational diffusion coefficient for individual SWCNT structures. Individual MWCNTs can be observed without fluorescent labeling due to their large Rayleigh scattering cross section using darkfield microscopy and either a color or electron-multiplying charge coupled device. 24 A large ͑80 nm diameter͒ multiwalled carbon nanofiber is shown in Fig. S1͑c͒ , 25 representing the upper bound of the MWCNT size used in this study. In solution, MWCNTs undergo Brownian motion before the trapping voltage is applied to the chamber ͓Fig. 1͑b͔͒. Once the trapping voltage is applied to the OET device, the MWCNTs experience a torque aligning them with the electric field ͓Fig. 1͑c͒, supporting video S1 25 ͔ and a positive DEP force causing them to translate toward the OET laser trap ͓Fig. 1͑d͔͒, analogous to what has been reported for silver nanowires. 3 The MWCNT is observed to follow the laser trap as it translates throughout the OET device. Discrete translation events are labeled in Fig. 1͑e͒ by a Roman numeral with an arrow indicating the direction of motion. Circled regions indicate where the laser trap was brought to momentary rest. For the first MWCNT translation, the laser is stationary and the MWCNT moves into the trap after the ac field is applied across the indium tin oxide electrodes. The trap is then translated by hand through a diamond shaped course filling a region of approximately 100 m 2 before it is brought to rest. When the trapping spot is stationary, the MWCNT is confined to a region less than 1 m 2 ͓Fig. 1͑e͒, inset͔ while continuing to undergo Brownian motion.
The respective position coordinates for the MWCNT and trapping laser spot can be analyzed further to gain information on the absolute speed of the MWCNT and trap, as well as their relative separation. Figure 2͑a͒ shows the instantaneous speeds for both the MWCNT and trapping laser over the course of approximately 20 s while Fig. 2͑b͒ shows their relative separation. During trace 1 ͑when the laser velocity is zero͒, the tube velocity exceeds 30 m / s as it translates into the trapping laser. The trap is then translated through traces 2-7, and the MWCNT's velocity is observed to respond after each translation event.
Inertial forces are negligible in the trap as a consequence of the extremely small Reynolds number that exists at the operating conditions of this device ͑Reϳ 10 −6 ͒. Therefore, MWCNT motion is dominated by a competition between OET forces, Brownian motion, and viscous drag. Due to their large aspect ratios and the variable shape of their end facets, we model the MWCNTs as elongated, prolate ellipsoids, with the lateral hydrodynamic drag force given by 26 
͉F
where is the viscosity of water, L and d are the MWCNT's length and diameter, respectively, v the MWCNT velocity, and F drag is the laminar drag force on the translating MWCNT. By neglecting end-facet dissipation, this calculation provides a conservative lower-bound measure of applied forces that are approximately 10% lower than for a circular cylinder 27 with an equivalent aspect ratio. In Fig. 2͑c͒ we plot the calculated force as a function of absolute MWCNTtrap separation using the measured MWCNT length of ϳ6 m and the upper-bound diameter of 80 nm for the sample of MWCNTs. This results in an approximately linear response as the MWCNT moves into the stationary laser trap over a distance of ϳ10 m. A linear fit to this region of data reveals an approximate trap stiffness of 50 fN/ m, corresponding to OET-trap stiffness values that have been reported for inorganic nanowires. 3 Additional experiments with a motorized translation stage ͑Newport͒ have shown MWCNTs to move with speeds of 235Ϯ 29 m / s ͑support-ing video S2 25 ͒, which is in agreement with calculated trapping forces on the order of piconewtons.
Many postsynthetic processing techniques such as selective surface binding, 28 inkjet printing, 29 or microcontact stamps 30 operate on large ensembles of nanotubes. Consequently, parallel MWCNT processing with OET requires investigation of the case when multiple MWCNTs are trapped simultaneously in a virtual electrode. Figures 3͑a͒ and 3͑b͒ show dark-field images of the two MWCNTs trapped together in a common virtual electrode, as well as the MWCNTs in Brownian motion after the trapping voltage is turned off ͓Fig. 3͑c͔͒. The Brownian motion of the tubes shown in Fig. 3͑d͒ differs significantly from that of a single trapped MWCNT ͓Fig. 1͑e͒, inset͔ in that the pair of tubes are not free to move across the OET virtual electrode, but rather occupy separate sides due to mutual repulsion from in-phase induced dipole moments. Figure 3͑e͒ shows the histogram of tube-tube separation with the mean separation of the tubes measured to be roughly 3 m, consistent with the size of the trapping spot.
This observed mutual dipole-dipole repulsion can be used for modulating the number density of MWCNTs in the OET device simply by actuating the virtual electrode. In Fig. 3͑f͒ , measurements are made on the number density of Ͼ15 MWCNTs in a ϳ10 m OET trapping spot. By turning on the trapping spot, all tubes are collected in the virtual electrode, with a number density of approximately 0.2 MWCNTs/ m 2 . When the laser is removed, the tubes experience an immediate dipole-induced repulsion, with an exponentially decaying number density that reaches a base- 5 but represents a rapid optical method for locally tuning the density of MWCNTs over an order of magnitude.
In conclusion, we have demonstrated that both individual and multiple MWCNTs can be translated and positioned in solution with OET. Optical control of MWCNT density offers a potential means to tune electrical, thermal, optical, and mass transport properties in MWCNT-composite thin films, expanding possibilities for device fabrication. 
